Edited* by Patricia K. Donahoe, Massachusetts General Hospital, Boston, MA, and approved July 27, 2012 (received for review April 24, 2012) Retinitis pigmentosa comprises a group of inherited retinal photoreceptor degenerations that lead to progressive loss of vision. Although in most cases rods, but not cones, harbor the deleterious gene mutations, cones do die in this disease, usually after the main phase of rod cell loss. Rod photoreceptor death is characterized by apoptotic features. In contrast, the mechanisms and features of subsequent nonautonomous cone cell death remain largely unknown. In this study, we show that receptor-interacting protein (RIP) kinase mediates necrotic cone cell death in rd10 mice, a mouse model of retinitis pigmentosa caused by a mutation in a rod-specific gene. The expression of RIP3, a key regulator of programmed necrosis, was elevated in rd10 mouse retinas in the phase of cone but not rod degeneration. Although rd10 mice lacking Rip3 developed comparable rod degeneration to control rd10 mice, they displayed a significant preservation of cone cells. Ultrastructural analysis of rd10 mouse retinas revealed that a substantial fraction of dying cones exhibited necrotic morphology, which was rescued by Rip3 deficiency. Additionally, pharmacologic treatment with a RIP kinase inhibitor attenuated histological and functional deficits of cones in rd10 mice. Thus, necrotic mechanisms involving RIP kinase are crucial in cone cell death in inherited retinal degeneration, suggesting the RIP kinase pathway as a potential target to protect cone-mediated central and peripheral vision loss in patients with retinitis pigementosa.
apoptosis | neurodegeneration | neuroprotection | oxidation | inflammation R etinitis pigmentosa (RP) refers to a group of inherited retinal degenerations that affect over one million individuals globally (1) . Although vitamin A supplementation and an ω-3 rich diet has been shown to slow down the visual decline in some patients (2), they do not stop the disease progression and irreversible vision loss still ensues for many patients. Vision loss in RP results from photoreceptor cell death and typically begins with loss of night vision (because of rod dysfunction and death), followed by loss of peripheral and central vision because of loss of cones. This cone-mediated dysfunction is the most debilitating aspect of the disease for patients. Molecular genetic studies have identified mutations in more than 50 genes, most expressed exclusively in rod photoreceptors, which are associated with RP. Although rods that harbor the deleterious gene mutations are expected to die, it is still a puzzle why and how cones-that do not harbor deleterious gene mutations-do die subsequent to the rod degeneration phase.
Apoptosis and necrosis are two distinct modes of cell death defined by morphological appearance (3) . Apoptosis is the bestcharacterized type of programmed cell death, and the caspase family proteases play a central role in the induction of this process (4). Necrosis, which was traditionally thought to be an uncontrolled process of cell death, is now known to also have a regulated component in some instances (5, 6) . Two members of the receptor-interacting protein (RIP) kinase family proteins, RIP1 and RIP3, have been identified as critical mediators of programmed necrosis (7). RIP1 is a multifunctional death-domain adaptor protein that mediates both apoptosis and necrosis. RIP1 induces apoptosis when recruited to the protein complex containing Fas-associated death domain and caspase-8 (8, 9) . When caspases are either inhibited or not activated, RIP1 binds with RIP3 to form a pronecrotic complex, which is stabilized by phosphorylation of their serine/threonine kinase domains (10) (11) (12) . RIP kinase-dependent necrosis has been implicated in various forms of developmental and pathological cell death (13) (14) (15) (16) (17) (18) . However, studies on RIP kinase in the central nervous system have been restricted to acute models of neuronal demise (19) (20) (21) , and its roles in neurodegenerative diseases caused by genetic mutations remain largely unexplored.
In animal models of RP, rod cell death has been shown to occur through apoptosis (22) . However, attempts to inhibit caspases by pharmacologic or genetic interventions have failed to show effective protection against rod cell apoptosis (23, 24) . Recent studies have demonstrated that caspase-independent molecules, such as calpains and poly(ADP ribose) polymerases, which mediate not only apoptosis but also necrosis, are activated during rod cell death (25, 26) . The mechanisms of cone cell death in RP are less well characterized. Although loss of rodderived trophic factors (27) , oxidative stress (28) , and nutrient starvation (29) are shown to contribute to the cone degeneration, little is known about the cell death types and molecules that mediate cone cell death.
The present study investigates a possible role for RIP kinase and necrosis in rd10 mice, a model of RP caused by a mutation in the rod-specific gene that encodes rod cGMP phosphodiesterase β-subunit (Pde6β) (30) . The data identify RIP kinase-mediated necrosis as a mechanism of cone cell death in rod-initiated retinal degeneration and as a potential therapeutic target.
Results
Increased RIP3 and RIP1 Expression in the Late Phase of Retinal Degeneration in Rd10 Mice. RIP3 is a key regulator of RIP1 kinase activation (7) , and its expression level correlates with the responsiveness to programmed necrosis (11) . We first investigated the changes in RIP3 and RIP1 expression in the retinas of rd10 mice, an animal model of RP caused by a missense mutation in exon 13 of the rod-specific Pde6β gene (30) . Mutations in this gene have been found in patients with autosomal recessive RP (31) . Rd10 mice develop progressive rod degeneration beginning around postnatal day 18 (P18); only one to three rows of photoreceptors remain at P28, and cone degeneration follows (32) . Therefore, we chose P21 and P28 as time points for rod cell death, and P35, P42, and P56 as time points for cone cell death in the following experiments. Quantitative real-time PCR showed that RIP3 mRNA expression levels did not change at P21, but increased fourfold at P35 in rd10 mouse retinas compared with those of age-matched WT controls (P < 0.01) (Fig. 1A) . RIP1 expression was also elevated threefold in the retinas of P35 rd10 mice (P < 0.01) (Fig. 1B) . Western blot confirmed that RIP3 and RIP1 protein expression increased in P35 rd10 mouse retinas compared with that in WT retinas (P < 0.05) (Fig. 1C) . These data suggest that the RIP kinase pathway may be activated during retinal degeneration of rd10 mice, especially in the late phase of photoreceptor cell death.
RIP Kinase Has a Minor Role in Rod Degeneration of Rd10 Mice. To assess the function of RIP kinase in inherited retinal degeneration, we crossed rd10 mice with Rip3 knockout mice (33) to generate rd10;Rip3 −/− mice. We first examined the rod cell death kinetics in these animals. TUNEL staining showed that the number of TUNEL-positive cells in the outer nuclear layer (ONL) did not change in rd10;Rip3 −/− mice compared with control rd10;Rip3 +/+ mice at P21 ( Fig. 2 A and B) . To evaluate the photoreceptor cell loss, we measured ONL thickness at six points along the horizontal meridian of the eye. There was no significant difference in ONL thickness between rd10;Rip3 −/− and rd10;Rip3 +/+ mice at P21 (Fig. 2C ). The ONL was reduced to one to three rows of photoreceptor nuclei in both genotypes at P28 (Fig. 2 D and E) . These results indicate that inhibition of RIP kinase alone is not sufficient to prevent rod cell loss in rd10 mice. Because RIP kinase and caspase function redundantly to induce cell death in several conditions (34), we next examined whether combined targeting of RIP kinase and caspase protects rod photoreceptors against cell death in rd10 mice. To address this question, we treated rd10;Rip3 −/− mice with the pan-caspase inhibitor IDN-6556 (10 mg·kg·d) using an osmotic pump from P21 to P28. However, the pan-caspase inhibitor provided no protective effect against rod cell loss in rd10;Rip3 −/− mice compared with vehicle treatment at P28 (Fig. S1 A and B) . Correspondingly, combined treatments with the pan-caspase inhibitor and the RIP1 kinase inhibitor necrostatin-1 (Nec-1) (15 mg·kg·d) (35) did not prevent rod cell loss in rd10 mice ( Fig. S1 C and D) .
Rod Photoreceptor Cell Death in Rd10 Mice Is Mainly Caused by Apoptosis. Although TUNEL staining was initially thought to detect apoptotic cells specifically, several studies have demonstrated that TUNEL also labels DNA breaks in necrotic cells (36, 37) . Therefore, it is difficult to discriminate between apoptosis and necrosis by TUNEL assay alone. To analyze further the types of rod cell death, we investigated the morphology of photoreceptors by transmission electron microscopy (TEM). Consistent with previous studies showing apoptosis in animal models of RP (22, 38) , most of the dying rod photoreceptors were associated with apoptotic morphology, such as nuclear condensation and cellular shrinkage in P21 rd10 mouse retinas ( Fig. 3 A and F). Necrotic photoreceptor cell death was rarely observed at this time point ( Fig. 3 B and F). The mitochondrial structure of the inner segment of photoreceptors was well preserved (Fig. 3C ). There was no significant morphological difference of rod cell death between rd10;Rip3 −/− and rd10;Rip3
Collectively, these findings support that the RIP kinase pathway is not important for apoptotic rod cell death in rd10 mice.
RIP Kinase Deficiency Rescues Cone Photoreceptor Cell Death in Rd10
Mice. We next evaluated the role of RIP kinase in cone degeneration of rd10 mice. TUNEL staining in P35 rd10 mouse retinas showed that the appearance of TUNEL-positive photoreceptor nuclei was significantly decreased by Rip3 deficiency (P = 0.0062) (Fig. 4 A and B) . To assess the cone cell loss, we performed whole-mount immunofluorescence for peanut agglutinin lectin (PNA), which selectively binds to cone inner and outer segments (39) . At P21, the cone cell density of rd10 mice was comparable to that of WT mice, although the length of inner and outer segments was relatively shortened in rd10 mice (Fig. S2) . No difference in cone cell density was observed by Rip3 deficiency at P21 (Fig. S2) . Thereafter, the cones in rd10 mice were gradually lost by P42, with a further decrease between P42 and P56 (Fig. 4 C-F) . In contrast, rd10;Rip3 −/− mice retained substantially more cones at both P42 and P56, compared with the age-matched rd10;Rip3 +/+ mice (P < 0.01) (Fig. 4 C-F) . We also assessed the effect of Rip3 deficiency on cone function by measuring photopic electroretinogram (ERG). The b-wave amplitude in the eyes of rd10;Rip3 −/− mice was significantly higher than those of rd10;Rip3 +/+ mice (P = 0.0022) (Fig. 4 G and H) . Thus, Rip3 deficiency provides histological and functional rescue of cone photoreceptors in rd10 mice.
Consistent with the data from genetic Rip3 ablation, pharmacologic treatment with a systemic and continuous delivery of Nec-1 retained a twofold higher number of cone cells in rd10 mice compared with treatment with vehicle (P = 0.0105) (Fig. 5  A and B) . In addition, Nec-1 treatment partially prevented the reduction in photopic b-wave amplitude in rd10 mice compared with vehicle treatment (P = 0.0494) (Fig. 5 C and D) . Collectively, these data indicate that RIP kinase plays an important role in cone cell death in rd10 mice.
Cone Photoreceptor Cell Death in Rd10 Mice Is Associated with Necrotic Features. We further analyzed the morphological changes during cone degeneration by TEM. In P35 rd10 mice, the photoreceptors, which were predominantly composed of cones, showed cellular swelling in the inner segments (Fig. 6A) . The ONL contained not only apoptotic nuclei, but also necrotic cells accompanied by cytoplasmic swelling and plasma membrane rupture ( B and G). The mitochondria in the inner segments were frequently associated with swelling and membrane rupture, which are characteristics of necrosis (Fig. 6C) . In contrast, the number of necrotic photoreceptors was significantly decreased in rd10;Rip3 −/− mice (P < 0.05) (Fig. 6 D-G ). These findings demonstrate that necrosis is involved in cone degeneration, and that RIP kinase is critical for the necrotic cone cell death in rd10 mice.
RIP Kinase Deficiency Reduces Oxidative Stress in Rd10
Mice. Oxidative damage has been implicated in cone cell death in animal models of RP, including rd10 mice (40) . Because RIP kinase promotes necrosis via reactive oxygen species (ROS) overproduction in several types of cells (10, 13, 41), we next examined the effect of RIP kinase deficiency on oxidative damage during retinal degeneration. Carbonyl formation is the most common products of protein oxidation. The retinal oxidative damage, as measured by ELISA for carbonyl content of proteins, was previously shown to increase in the period of cone degeneration in rd10 mice (40) . Consistent with this report, we found that the retinas of P35 rd10 mice contained higher levels of carbonyl contents compared with WT retinas (Fig. S3) . In contrast, Rip3 deficiency significantly suppressed the increase of carbonyl contents in rd10 mice (Fig. S3 ). These data demonstrate that RIP kinase regulates retinal oxidative damage in rd10 mice.
Microglial Activation During Rod and Cone Cell Death in Rd10 Mice.
Dying cells, either through apoptosis or necrosis, expose and release several molecules that attract inflammatory cells (42) . To assess the inflammatory response during rod and cone cell death in rd10 mice, we performed immunofluorescence for the microglial marker Iba-1. Retinal flat mounts of WT and Rip3 −/− mouse retinas showed similar density of ramified microglial cells in the outer plexiform layer (Fig. 7 A-C) . In P25 rd10 mouse retinas, activated amoeboid microglial cells with retracted processes and rounded cell bodies were substantially increased around the ONL, without any difference in the presence or absence of RIP3 (Fig. 7 D-F) . Increased microglial infiltration was sustained at P42 and P56 rd10 retinas, although the amoeboid microglia was relatively decreased (Fig. 7 G and J) . In contrast, rd10 mouse retinas lacking RIP3 showed significantly less microglial infiltration compared with control rd10 mouse retinas at both P42 and P56 (P = 0.0374 each) (Fig. 7 H, I , K, and L). The microglial activation in rd10;Rip3 +/+ and Rip3 −/− mouse retinas correlated well with the kinetics of rod and cone cell death in these animals. These findings suggest that RIP3 may not be essential for initiation of inflammation but it is required for maintenance of inflammation in rd10 mice.
Discussion
In RP, most gene mutations identified are expressed exclusively in rod photoreceptors, yet cones that do not harbor gene abnormalities also die subsequent to the rod cell loss. Although rod cell death is caused by the deleterious gene mutations, it is puzzling why and how cones die in these diseases. Rod cell death in inherited retinal degeneration has been shown to occur through apoptosis (22, 38) . In contrast, the mode of cone cell death has been relatively unexplored. In the present study, we showed that although rods die with apoptotic morphology, cone cell death is associated with necrotic features in rd10 mice. Interestingly, in RP patient eyes with extensive rod degeneration, histological studies demonstrated that the remaining cones had swollen inner segments, vacuolated cytoplasm, and disruption of plasma membrane consistent with necrosis (43, 44) . These morphological changes of cone photoreceptors were shown to be comparable in RP patients with different genetic mutations (45) . Therefore, this finding implies that necrosis-mediating signaling may be the common mechanism underlying cone degeneration of RP. More importantly, we showed that genetic or pharmacologic inhibition of RIP kinase does not affect rod degeneration, but decreases necrotic cone cell death and preserves their function. These results clearly demonstrate that distinct cell death mechanisms are involved in rod and cone degeneration, and suggest that RIP kinase may be a potential therapeutic target to protecting cones in inherited retinal degeneration. Although the precise mechanisms by which RIP kinase induces necrosis remain unknown, several studies have demonstrated ROS overproduction as an important downstream event of RIP kinase activation (46, 47) . Activated RIP3 interacts with metabolic enzymes, such as glycogen phosphorylase and glutamate-ammonia ligase, and thereby increases mitochondrial ROS production (12) . On the other hand, RIP1 forms a complex with NADPH oxidase 1 and TNF-R1-associated death domain and produces superoxide, which in turn leads to induction of necrosis (41) . In animal models of RP, Campochiaro and colleagues have demonstrated that retinal oxidative stress increases especially in the period of cone degeneration and that antioxidant treatments delay cone cell death (28, 40) .
However, the molecules that regulate ROS overproduction during cone degeneration were not identified. In this study, we found that Rip3 deficiency suppresses the increase of retinal oxidative damage in rd10 mice, suggesting that RIP kinase is partly responsible for ROS production in the phase of cone cell death.
Cell death and inflammation are interconnected (42) . Dying cells expose or release numerous molecules to attract scavenger phagocytes; concomitantly, inflammation yields tissue damage and consequent cell death. In this study, we showed that Rip3 deficiency reduced cone cell death and microglial activation in the period of cone degeneration in rd10 mice. Although we cannot conclude which cells-cones or microglial cells-are primary targets of RIP3 inhibition, our time-course observation demonstrated no alteration in microglial response during rod degeneration in the presence or absence of RIP3, suggesting that RIP3 inhibition may target cones and suppress microglial activation that would otherwise occur subsequent to cone cell necrosis. This concept is supported by recent studies demonstrating that RIP kinase inhibition prevents intestinal cell necrosis and chronic inflammation induced by intestinal epithelium-specific knockout of Fas-associated death domain or caspase-8 (17, 18) . However, as RIP3 is shown to directly activate inflammasome in macrophages (48), we cannot exclude the possibility that RIP3 modulates microglial function. Further studies using cone-or microglia-specific Rip3 knockouts will be required to better understand the precise mechanisms by which RIP3 mediates cone necrosis and retinal inflammation in rd10 mice.
Punzo et al. (29) recently reported the changes in the insulin/ mammalian target of rapamycin pathway, which regulates cellular metabolism and autophagy, during cone degeneration. Indeed, our TEM analyses detected the formation of autophagic vacuoles in swollen cone photoreceptors in rd10 mice (Fig. S4) . These findings are consistent with previous histological studies of postmortem RP patient eyes describing the presence of autophagic vacuoles in remaining cones (43) . Because excessive autophagy leads to cell death in some circumstances (49) , autophagy may contribute to cone cell death in inherited retinal degeneration. Conversely, autophagy plays a prosurvival role via turnover of proteins, generation of nutrients, and elimination of damaged organelles (50) . Therefore, autophagy may be activated as a consequence of necrotic disruption of organelles during cone degeneration. This idea is supported by a previous study showing that autophagy is induced during RIP kinase-mediated necrosis but is not critical for cell death (19) . Defining the roles of autophagy in cone degeneration warrants further studies using genetic approaches, such as conditional knockout of autophagyrelated genes in cone photoreceptors. Whereas this study revealed an important role of RIP kinase in cone cell death of rd10 mice, Rip3 deficiency did not affect rod cell death even when combined with the pan-caspase inhibitor. These results differ from our previous study of retinal detachment models, which showed that Rip3 deficiency leads to rod photoreceptor protection that is augmented by the pan-caspase inhibitor (21) . This discrepancy may be attributed to different pathogenesis of retinal degeneration caused by genetic defects versus loss of nutrients in cells with normal genome function. Indeed, morphological features of rod cell death are different in these two models: although rod cell death in rd10 mice is caused mostly by apoptosis, both apoptosis and necrosis are intermingled in retinal detachment (21, 51) , supporting the idea that different molecules may be involved in each condition. Although rods undergo apoptosis in inherited retinal degeneration, previous studies have shown that caspase activation is not observed in rd1 mice, which carry a viral insert and a nonsense mutation in exon 7 of the Pde6β gene (23) . Taken together with our results, these data suggest that caspase and RIP kinase pathways may not be essential for rod cell death in RP models caused by Pde6β mutations. Interestingly, a recent study demonstrated a unique caspase-independent pathway of rod cell death in rd1 mice, in which increased histone deacetylase activity leads to an activation of poly(ADP ribose) polymerase (52) . Further studies will be needed to elucidate key molecules mediating rod cell death in inherited retinal degeneration. However, it should also be noted, that caspase inhibitors (zVAD and IDN), in contrast to necrostatins, have poor penetration through he blood-brain-barrier when administered systemically. In contrast to the previous study that the disease has a short time course and a single intravitreal administration is sufficient, this study required systemic monthlong administration of the drugs. Thus, the negative results of this and other studies may be a technical one because of the limited permeability of caspase inhibitors through the bloodbrain-barrier, leaving open the question of importance of caspase inhibition in rod cell death prevention.
Although loss of rod photoreceptors leads to night blindness, severe visual impairment is caused by the secondary death of cones that are responsible for central visual acuity, color vision, and loss of peripheral vision in patients with RP (1). Therefore, interventions to prevent or delay cone cell death will be critical to preserve the functional aspect of vision. Here, we demonstrate that in contrast to apoptotic rod cell loss, a necrotic mechanism involving RIP kinase is critical for induction of cone cell death in a mouse model of RP. In addition, pharmacologic or genetic inhibition of RIP kinase substantially prevents cone cell death Quantification of apoptotic and necrotic photoreceptor cell death (rd10; Rip3 +/+ mice: n = 5 and rd10;Rip3 -/− mice: n = 6). The appearance of necrotic photoreceptors was significantly decreased in rd10;Rip3 −/− mice (P < 0.05).
The percentage of each cell death was shown on the right of bar. and preserves their function, suggesting that RIP kinase may be a potential therapeutic target for patients with RP.
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